The calculation of the consolidation settlement of clayey soils with creep behaviour has been a challenging issue with a long history. After a brief review the assumptions made in the two methods based on Hypothesis A and Hypothesis B, the authors present a new simplified Hypothesis B method for calculation of consolidation settlement of a clayey soil with creep.
Abstract:
The calculation of the consolidation settlement of clayey soils with creep behaviour has been a challenging issue with a long history. After a brief review the assumptions made in the two methods based on Hypothesis A and Hypothesis B, the authors present a new simplified Hypothesis B method for calculation of consolidation settlement of a clayey soil with creep.
Equations of this method are derived based on the "equivalent time" concept for different stress-strain states. This simplified Hypothesis B method is then used to calculate the consolidation settlement of a number of typical consolidation problems. The approximation and verification of this simplified method are examined by comparing the calculated settlements with settlements computed using two fully coupled finite element consolidation analysis programs using elastic visco-plastic constitutive models (Hypothesis B) and the Hypothesis A method. It is found that the curves calculated using the new Hypothesis B simplified method with a factor 8 . 0 = α are close to curves from two Finite Element (FE) model simulations with relative errors in the range of 0.37% ~ 8.42% only for three layers of Hong Kong Marine Clay (HKMC). In overall, the settlements calculated using Hypothesis A method are smaller than those from the two FE simulations with relative error in the range of 6.52% ~ 46.17% for the three layers of HKMC. In addition, this new simplified Hypothesis D r a f t
Introduction
It is well known that the stress-strain behaviour of clayey soils is time-dependent due to the viscous nature of the skeleton of the soils (Bjerrum 1967; Graham et.al. 1983; Leroueil et.al. 1985; Olson 1998) . The physical phenomena such as creep, relaxation, strain rate effects, "apparent reconsolidation pressure", etc. are all part of the time-dependent stress-strain behaviour. Under loading, the clayey soils in a saturated condition are subjected to consolidation process, in which the excess porewater pressure dissipates with time, resulting in compression of the soils or settlement. For the design of structures, such as reclamation or foundation on the clayey soils, we need to calculate the consolidation settlement of the soils with certain accuracy. Terzaghi (1943) first presented a theory and equations for analysis of the consolidation of soil in one-dimensional (1-D) straining (oedometer condition). His 1-D consolidation theory was based on eight assumptions (Terzaghi 1943; Craig 2004) . The most questionable assumption is that "there is a unique relationship, independent of time, between void ratio and effective stress" (Craig 2004) . In fact, the relationship between void ratio and effective stress is time-dependent and strain-rate dependent. Therefore, in reality, Terzaghi's 1-D consolidation theory cannot be applied to consolidation settlement calculation of clayey soils with creep. Many researchers have taken efforts to propose improved methods for calculation of consolidation settlement of clayey soils by considering creep. These improved methods can be divided in two types: one is based on Hypothesis A (Ladd et. al. 1977; Mesri and Godlewski 1977) and the other one is based on Hypothesis B ( (a) There exists a so-called "End-of-Primary" (EOP) point between "primary consolidation"
period and "secondary compression" without excess porewater pressure (u e =0) with the corresponding time t EOP (see Figure 1 ).
(b) There is no creep compression during the "primary consolidation" period; but the creep compression occurs only in the "secondary compression" starting at t EOP (see Figure 1 ).
(c) The creep compression occurs in the "secondary compression" period can be described by the "secondary consolidation coefficient" e C α which is t e C e log ∆ ∆ − = α , where e is void ratio and t is the duration time of the present loading (see Figure 1 ). (a) The separation of the "primary consolidation" period and "secondary consolidation"
period is subjective and not accurate. In fact, under the action of the effective stress, the skeleton of a clayey soil exhibits viscous deformation, or ongoing settlement in 1-D straining case. Even in the "primary consolidation" period, there are effective stresses, which may vary significantly with time.
The rate of creep compression depends on the state of consolidation such as normal consolidation or over-consolidation. Therefore, due to the exclusion of creep compression in the "primary consolidation" period, the method based on Hypothesis A normally underestimates the total consolidation settlement.
In a different approach, the method based on Hypothesis B does not need these assumptions in Hypothesis A. The method based on Hypothesis B is a coupled consolidation analysis using a proper constitutive relationship for the time-dependent stress-strain behaviour of clayey soils. The time-dependent compression of the clay skeleton, for example, creep in the "primary consolidation", is naturally included in the coupled consolidation analysis. The equations of the method based Hypothesis B can be expressed as follows:
From the mass continuity condition, we can derive:
where k is the vertical hydraulic conductivity (assumed to be constant here for simplicity); w γ is the unit weight of water; e u is the excess porewater pressure; and z ε is the vertical strain (compression strain is positive here). There are two unknowns in Eq.(2), that is,
, . A constitutive model equation is needed. Graham (1989, 1994) developed, validated, and applied a 1D Elastic Visco-Plastic (1D EVP) constitutive model for the time-dependent stress-strain behaviour of clayey soils.
The 1D EVP constitutive model equation is: Graham 1989, 1994) and are related to the normal compression line of the soil; and the two parameters 
D r a f t -7 -Hypothesis B and obtained curves of the settlement, strains, and excess porewater pressure with time. They used this approach to calculate the settlement and excess porewater pressure of a clay in laboratory physical model tests done by Berre and Iversen (1972) . The calculated data were compared with the measured data by Berre and Iversen (1972) in good agreement.
They also found that the method based on Hypothesis A underestimated the total settlement. Ryde (2000, 2001) One limitation of the above rigorous Hypothesis B method is that a numerical method is needed to solve a set of non-linear partial different equations and a computer program for this method is needed. Such computer program is still not readily available to engineers or difficult for them to use. How to develop a simple method, which is a good approximation of the solutions from the above rigorous method and, at the same time, is easy to use by engineers, has been a very challenge task in past decades. The main objective of this paper is to propose a new simplified method based on Hypothesis B for easy spread-sheet calculation of consolidation settlements of clayey soils with creep and the verification of this simplified method.
Main Equation of a New Simplified Method Based on Hypothesis B for Settlement

Calculation of a Soil Layer with Creep
The key point in the new simplified method based on Hypothesis B (called a new simplified Hypothesis B method) is that creep occurs in the whole consolidation period, both within and after the "primary consolidation", as shown in Figure 1 . σ . This path from Point 1 to Point 3 to Point 4 is assumed to be an instant loading path without excess porewater pressure coupling. This path may be ok for the soil at the drainage boundary. However, the effective stress-strain paths inside the clay away from the drainage boundary will be delayed as shown in Figure 2 . This is why the use of (5) 
The key part in Eq. (5) Mesri and Godlewski (1977) and Mesri and Choi (1984) used the ratio of c e C C / α to obtain the "secondary" compression coefficient first and used it to calculate the secondary consolidation settlement. It is noted that the ratio of (Bjerrum 1967 and Yin and Graham 1989 , 1994 . Figure 4 illustrates curved "time lines" in the coordinates of vertical effective stress and void ratio from 1D straining oedometer tests (Bjerrum 1967) . These parallel "time limes" also represent lines of constant plastic strain rate. Others, for example Kelln et al. (2008) have developed an elastic viscoplastic model that emphasises strain rates and otherwise is very compatible with the model by Yin and Graham (1989) and Yin (2015) . Graham (1989, 1994) and Yin (2015) explained that these "time lines" can be interoperated as "equivalent time" lines. The word of "equivalent" here means that the creep strain rate at a certain stress-strain state, which is reached under any loading path, is equal to the creep strain rate at the same point, which is reached from a normal 1-D creep test loading path with the creep duration time t from a reference time line. The time t here is considered to be the This means that the creep rate at Point B is dependent on the stress-strain (or void ratio) state, not on the loading path (Yin 2015) .
For the creep compression in Figure 1 , the authors suggest to use the following function to (1) is not to introduce a new symbol to make the new method difficult to be used by practicing engineers. In fact, the value of the newly defined e C α is nearly equal to the value of the old " " e C α .
In Eq. The variable e t in Eq. (7) is the "equivalent time" as explained before. Eq. (7) is valid when time e t is zero, which is needed to consider creep occurring from the beginning of the loading. But in the old definition of " " e C α in Figure 1 , Eq. (1) is not valid when the time is or near to zero.
According to the "equivalent time" concept Graham 1989, 1990) , the total strain z ε at any stress-strain state in Figure 4 can be calculated by the following equation: 
D r a f t
Derivation of Specific Equations of the Simplified Method Based on Hypothesis B for Different Stress-Strain States
With the equations (5), (6), (7) and (8) 
Final stress-strain point in a normal consolidation state
Referring to Figure 2 , we assume the vertical stress is increased from the initial Point 1 to Point 4 which is on NCL. The total consolidation settlement totalB S is calculated by:
where
where H is the thickness of the soil layer. In this case, the "equivalent time" 
It is seen from Eq.(10b) that when time t is 1 day, the stress-strain state point is at Point 4 on NCL. As explained before, the line NCL has duration of 1 day (or 24 hours) from a standard oedometer test.
It shall be pointed out that in Eq.(9), the settlement due to dissipation of excess porewater pressure represented by U v is de-coupled from the creep compression of the soil skeleton.
This is why the present method is called a simplified one, compared to the fully coupled method in the section.
Final stress-strain point in an over-consolidation state
This section derives equations for calculation of the total consolidation settlement totalB S when the final loading stress-strain point is in an over-consolidation state after an additional vertical stress is applied. For example, Point 2, Point 5, and Point 6 in Figure 2 are all in an over-consolidation state. Firstly, we derive an equation for calculating the creep strain (or settlement) for a stress-strain point in an over-consolidation state. We use Point 6 as an example for this purpose.
According to the definition of "equivalent time" Graham 1989, 1990) , the creep strain rate at the present Point 2, no matter how to get this point in real situation, can be If we assume unloading from Point 1 to Point 2, the corresponding consolidation settlement can be calculated as: The total consolidation settlement for unloading from Point 4 to Point 6 is: are also used to analyze the same layers and results are used to evaluate the accuracy of the simplified method. Koutsoftas et al. (1987) reported findings from site investigation at an offshore field test site in Hong Kong related to construction of the existing two runways of HKIA. They found that, at this site, there were an "Upper Marine Clay" layer in the top of the seabed (thickness from 2 m to 8m), underlain by an "Upper Alluvium" layer (thickness from 3 m to 8m), D r a f t -18 -followed by a "Lower Marine Clay" layer (thickness from 5 m to 10m) and a "Lower Alluvium" layer (thickness from 6m to 8m) in the seabed. Handfelt et al. (1987) reported the monitoring data of a test fill at this site. Zhu et al. (2001) developed and used a finite element program with Yin and Graham's 1D EVP model Graham 1989, 1994) to analyze the consolidation settlement and excess porewater dissipation of the soils underneath the test fill.
In this section, authors select the "Upper Marine Clay" layer (called HKMC here) for consolidation analysis with values of soil parameters from papers by Koutsoftas et al. (1987) and Zhu et al. (2001) . In order to better interpolate the creep settlement, different OCR values (OCR=1, 1.5, 2,) are adopted in the calculation and simulation. Two Finite Element (FE) programs are used for fully coupled consolidation analysis of the HKMC layers: one is software Consol developed by Yin (1999, 2000) , and the other one is Plaxis software (2D 2015 version). In the analysis, the 1D EVP model Graham 1989, 1994) implemented in software Consol and a soft soil creep model in Plaxis software (2D 2015 version) are adopted in the FE simulations. The 1-D EVP model was applied by Zhu and Yin (1999 for consolidation analysis. The description of the soft soil creep model is referred to Vermeer and Neher (1999) and Plaxis user 's manual (2015) . This soft soil model has been widely used in consolidation simulations by Degago et al. (2011) and Nash and Brown (2012) .
The three layers of HKMC for calculation and simulation are shown in Figure 5 . In Figure   5 , the top three FE models are used for Consol analysis and the bottom three FE models for Plaxis analysis. The bottom of all layers is considered impermeable and the top of all layers is free to drain. The initial OCR value in the FE simulation is input easily in a menu in Plaxis; while this OCR value is calculated by giving the pre-consolidation pressure with depth in Consol software (Zhu and Yin, 2001 ). Values of all parameters used in FE consolidation simulation are listed in Table 1 . In all FE simulations, a vertical stress of 20 kPa is assumed to D r a f t -19 -be instantly applied on the top surface and kept constant for a period of 18250 days (50 years) for two layers of 2m and 4m thickness and 36500 days (100 years) for the 8 m layer. The material properties reflect HKMC but the thicknesses and boundary conditions do not.
The approach used by the simplified method for consolidation settlement calculation of a 2 m thick layer
For the simplified method calculation, referring to Figure 2 , the initial and final stress-strain states in this 2m thick layer must be correctly determined. Assuming the initial strain is zero under the initial stress state, while the initial effective stress state and pre-consolidation stress are different at different depths and different OCR values. If the thickness of a soil layer is less than 1m, we can assume the initial effective stress and pre-consolidation stress to be constant with negligible error. But for a thick layer, it is necessary to consider such variations. The total layer thickness in this case is 2m. We divide this layer into four soil sub-layers with 0.5m thickness for calculation of consolidation settlement in order to obtain sufficiently accurate result. In order to compare all methods for the creep settlement calculations, Hypothesis A method is also used to calculate the curve of settlement and log(time) in both "primary consolidation" and the "secondary consolidation" period using Eq. ( Graham 1989, 1994) . The FE models are for fully coupled consolidation analysis of soils with creep and shall be credible as the rigorous Hypothesis B method.
Comparing with the FE results in Figure 6 , Hypothesis A method ( 0 = α ) underestimates the total settlement; while the old simplified Hypothesis B method ( 1 = α ) (Yin 2011) over-estimates the total settlement. In overall, the settlement curves calculated using the new simplified Hypothesis B method (
) is much closer to curves computed using Plaxis (2015) and Consol Yin 1999, 2000 ) when compared to other two methods.
Based on the comparison of curves in Figure 6 for three OCR values, it is observed that the curves from the old simplified method ( 1 = α ) are always below the curves from Plaxis and Consol simulations. The reason for the over-estimation of the settlement is that the creep part in Eq.(9b) in the old simplified Hypothesis B method is directly calculated based on the final effective stress-strain state, ignoring the time needed to arrive at this final effective stress state during consolidation (see Figure 2) . The old simplified Hypothesis B method may be valid for a very thin soil layer, say less than 0.1 m; while thicker soil layers need more time to arrive at the final effective stress-strain state, especially when hydraulic conductivity is low.
The soil layer thickness in Figure 6 is 2 m with bottom impermeable and the time t EOP at 98% of consolidation is 4840 days for OCR equal to 1. This is why the old simplified Hypothesis B method over-predicts the creep compression. To overcome this limitation, the authors have tried different values of α in Eq. (5) 
Verification of the New Simplified Hypothesis B Method by Comparing Calculated
Values with Test Data and Results from a Fully Coupled Consolidation Analysis
Berre and Iversen (1972) presented a laboratory physical modeling study on the consolidation behavior of a natural post-glacial marine clay from Drammen exhibiting creep. Yin and Graham (1996) applied the 1-D Elastic Visco-Plastic (1D EVP) model in Eq.(3) in the fully coupled consolidation analysis in Eq.(2) of all consolidation tests by Berre and Iversen (1972) . The consolidation problem was solved using a finite difference (FD) method. The calculated results were compared with the measured data and were found in a good agreement (Yin and Graham 1996) . In this section, we use the old simplified Hypothesis B method and the new simplified Hypothesis B method to calculate the curves of average strain (
versus log(time) with a comparison with the test data and curves from the fully coupled consolidation analysis computed by Yin and Graham (1996) using a finite difference method (denoted as FD EVP model). Here S ∆ is the settlement increment under Increment 5 and 0 H is the initial thickness of the soil layers in Test 6 and Test H4 in the original paper. Basic parameters used in the simplified methods are listed in Table 5 . Values of initial stress, initial strain, and time duration for two tests at Increment 5 are listed in Table 6 .
Since the tests consisted of multi-staged loading with various time durations, the stress-strain state should be correctly determined before the simplified method is used. And it is important to determine the pre-consolidation pressure 
Combining Eqs. (23) and (24) When the correction factor α of 0.8 is applied, as shown in Figure 9 , the curves from the new simplified Hypothesis B method are much closer to the test data. Values of the relative errors are listed in Table 7 . The relative error here is defined as the absolute difference D r a f t -27 -between the calculated value and the measured data at the end of the test over the measured data. Again, the relative errors of the new simplified Hypothesis B method are the lowest among all three simple methods.
With the verification of the new simplified Hypothesis B method by using test data from Berre and Iversen (1972) , it is confirmed that the new simplified Hypothesis B method is more accurate than Hypothesis A method and the old simplified Hypothesis B method, and can be applied in reality to predict the one dimensional consolidation settlement of a single layer of soil with creep with good accuracy. Table 6 . Summary of main values calculated and used in the simplified Hypothesis B method at Increment 5 from Berre and Iversen (1972) Test No.
Conclusions
